Geophysical measurements can reveal the structure of icy ocean worlds and cycling of volatiles. The associated density, temperature, sound speed, and electrical conductivity of such worlds thus characterizes their habitability. To explore the variability and correlation of these parameters, and to provide tools for planning and data analyses, we develop 1-D calculations of internal structure, which use available constraints on the thermodynamics of aqueous MgSO 4 , NaCl (as seawater), and NH 3 , water ices, and silicate content. Limits in available thermodynamic data narrow the parameter space that can be explored: insufficient coverage in pressure, temperature, and composition for end-member salinities of MgSO 4 and NaCl, and for relevant water ices; and a dearth of suitable data for aqueous mixtures of Na-Mg-Cl-SO 4 -NH 3 . For Europa, ocean compositions that are oxidized and dominated by MgSO 4 , vs reduced (NaCl), illustrate these gaps, but also show the potential for diagnostic and measurable combinations of geophysical parameters. The low-density rocky core of
rect measurement of an ocean's salinity and characterization of the ice can only be achieved in the near term by geophysical means.
The habitability of larger icy ocean worlds may also be probed with geophysical measurements. In Ganymede, Callisto, and Titan, high-pressure ices have been regarded as limiting water-rock interactions that regulate redox and ocean composition, and which are thereby critical for supporting life. However, convective transport within high-pressure ices should proceed near the solidus temperature, leading to substantial melt at the ice-rock interface, and within the upper part of the ice [Choblet et al., 2017] . Briny fluids under pressure can have densities exceeding those of high pressure ices, and may occupy the interface between rock and ice [Hogenboom et al., 1995; Vance et al., 2014] . Dissolved ions can incorporate into high-pressure ice VI (and possibly phases II, III, and V) to a much greater extent than in ice Ih, potentially decreasing the density of the ices and enhancing near-solidus convection [Journaux et al., 2017] .
Seismic investigations could characterize habitability of ocean worlds [Vance et al., 2016b] in a manner that is highly complementary to other measurements on missions exploring the habitability of ocean worlds, particularly those of NASA's planned Europa Mission [Pappalardo et al., 2016] and ESA's JUICE mission [Grasset et al., 2013] : Radar investigations will examine the density, temperature, and composition of the ices covering Europa, Ganymede, and Callisto. The RIME and REASON instruments will reveal the upper km of the ice with a range resolution as small as 15 meters, and will sound to as much as 45 km in cold ice with a range resolution as small as 30 m [Grima et al., 2015] . Whereas radio waves are sensitive mainly to density, electrical conductivity, and crystal orientation fabric (COF), seismic waves are influenced mainly by density, COF, and temperature [Diez, 2013] . Prior radar information thus provides a powerful constraint for extracting more detailed information from the deeper interior. Similar combined investigations of Antarctic glaciers have revealed sub-ice lake and low-velocity layers at the water-rock interface consistent with a sedimentary layer [Bell et al., 1998 ]. Electromagnetic measurements (ICEMAG and PIMS) on the planned Europa Clipper mission [Pappalardo et al., 2016] will use Europa's induced response to Jupiter to constrain the ocean's depth and electrical conductivity. Seismology could directly measure the ice and ocean thicknesses, and could leverage constraints on electrical conductivity to narrow the range of plausible models for ocean salinity. Seismology provides comparable or better vertical resolution, and a measure of the magnitude and nature of ongoing activity. Seismic measurements might also probe below the ice-ocean interface to reveal the deeper interior, with the potential to constrain the current thermal state of the rocky interior [Cammarano et al., 2006] . This combination of seismology with other methods may be deployed at other ocean worlds to reveal the nature of a potential habitat in the ice, ocean, seafloor, and below.
Forward models of the interiors of icy ocean worlds are needed in order to plan future mission designs and measurements of their interior dynamics and habitability. Here, we develop global one-dimensional models to assess how combined seismic, gravity, and magnetic measurements may be used to investigate the habitability of ocean worlds. We use the models to consider how the ocean's composition might influence the configuration and thickness of ice layers. Another important function of this work is to test the limits of available data describing material properties.
In Section 2, we describe the workings of the model and limitations of available data.
In Section 3, we describe applications to confirmed ocean worlds, Ganymede, Europa, Enceladus, Titan, and Callisto. In Sections 4 and 5 we discuss possible tests for habitability, and thermodynamic measurements needed for further modeling.
Materials and Methods
We assess interior density, elastic and anelastic structure,and associated seismic sources and signatures, building on prior work that focused only on Europa [Cammarano et al., 2006] . Added to this is an investigation of the electrical conductivity of fluids based on available measurements.
The interior structure model propagates density and temperature profiles downward from the ice I layer from boundary conditions of the surface and ice-ocean boundary temperature, as per Vance et al. [2014, ; Appendix A: ] . Significant improvements have been made for speed, modularity to enable future work, and added geodynamics and geochemistry for the ice I layer and deeper interior. Depths of transition between compositional layers {ice, ocean, (ice), rock, (iron)} are computed from bulk density and gravitational moment of inertia (C/M R 2 ; Table 1 ). Solid state convection in the ice I layer has been added, and is included by iteration after the initial model run. Gravitational acceleration increases with depth in the relatively low density ice and liquid layers approaching the solid core [by up to 25% in the case of Ganymede; Vance et al., 2014] , so depth-dependent gravity is computed after the initial computation of the pressure-dependent adiabatic gradient. Slowly rotating body Cal--5-Confidential manuscript submitted to JGR Planets listo may not be in hydrostatic equilibrium [Gao and Stevenson, 2013] and so the moment of inertia inferred from simultaneous measurements of J 2 and C 22 may be overestimated by as much as 10%. We consider this effect in the Section 3. 
Thermodynamics and Geodynamics
The model's current modules are described in the following subsections. Thermodynamic modules provide self-consistent density, thermal expansivity, specific heat capacity, and sound speed constrained by available data, using published methodologies to easily and rapidly retrieve values. Adding new equations of state for alternate ocean compositions or updated material properties is straightforward.
Ices
The thermodynamic properties of water ice phases Ih, II, III, V, and VI are taken primarily from Choukroun and Grasset [2010] , which fit available measurements of heat capacity, enthalpy, and specific volume over the broad range of pressure and temperature occurring in icy worlds. Corresponding bulk sound speeds (v C ) ((∂ ρ/∂P) T = v −2 C + α 2 T/C P ) have very large pressure derivatives and misfit available measurements by up to 100% (right-hand pane in Figure 1 ). To provide sound speeds consistent with available measurements and mostly consistent with thermodynamic data, compressional and transverse sound speeds in these phases are matched to sound speeds from bulk adiabatic Brillouin measurements in polycrystalline ice at −35.5 o C to 1 GPa [Gagnon et al., 1988 [Gagnon et al., , 1990 ] to within their assigned errors.
Adiabatic shear and bulk moduli ( µ, K S ) and their pressure derivatives were adjusted from -6-Confidential manuscript submitted to JGR Planets Shaw [1986] to fit compiled sound speeds from Gagnon et al. [1990] to better than 1.5%.
Sound speeds (Figure 2 ) are computed as
(1)
This strategy does not reproduce the negative slope of sound speed with temperature of ≈ −2 m s −1 K −1 [Vogt et al., 2008] . Further measurements of sound velocities in ices would aid both seismic data analysis and geodynamics. [Gagnon et al., 1988] and [Gagnon et al., 1990] (-) compared with the fit used in this work. Middle: deviations (%) between published
and fit values (V P -, V S --). Right: Misfit (%) between bulk sound speeds computed from published values and compiled thermodynamics [Choukroun and Grasset, 2010] . [Tillner-Roth and Friend, 1998 ] with phase equilibria from .
The electrical conductivity of 0.01 mol kg −1 H 2 O (molal) magnesium sulfate (aq) is computed along geotherms based on measurements at 298 K and 323 K, and pressures up to 784.6 MPa [Larionov and Kryukov, 1984] . Extrapolation to 273 K is applied with a scaling factor of 0.525 as per , with linear interpolation and extrapolation to 250 K and 1.6 GPa. Figure 3 shows the variation of electrical conductivity with pressure, temperature, and concentration in the main region down to 273 K. Conductivity depends strongly on concentration, but direct measurements at elevated pressure are unavailable. Figure 2. Contours of sound speed versus pressure (MPa) and temperature (K). In the ice stability field (T ∼< 260 K): v P (-) and v S (--). In the fluid stability range: v P in 10 wt% MgSO 4 (-) and pure water (--).
Fluid-liquid phase boundaries are for the 10 wt% case.
Measurements taken at standard pressure show a factor of 40 increase for magnesium sulfate up to 1 molal [Hand and Chyba, 2007, Figure 1] . This linear scaling with concentration is used in our calculations. GSW includes electrical conductivity.
Rock
We model the silicate portions of planetary bodies using available thermodynamic software. Stable mineralogies, densities, and seismic velocities of the bulk rock are determined from the profiles of present-day temperature (T), composition (C), and pressure (P) for a range of possible compositions using PERPLEX 6.7.3 [Connolly, 2005 [Connolly, , 2009 PER-PLEX] . The program solves the Gibbs energy minimization based on specified thermodynamic databases and thermoelastic properties for end-member mineralogical phases. Av- 
Bulk Mineralogy
Following previous work for Europa by Cammarano et al. [2006] , we consider two different dry compositions: an Earth-like pyrolite composition and L-LL chondritic model (Table 3). We also consider updated compositions that include sodium, as per Cammarano et al. 
Hydrous Minerals
The effects of hydrous compositions are also considered, using the database of Holland and Powell [2011] , which includes more mineral species while retaining thermodynamic self-consistency. We use the same compositions described in the previous section, but at partially hydrated or water-saturated conditions. Serpentinization may be important as a source of H 2 for life [e.g., Müntener, 2010; Vance et al., 2016a] , but it may not reduce the density of the rocky siliceous parts of icy worlds because hydrated silicates are not thermodynamically stable at low pressures, and at temperatures higher than 900 K [e.g., Ulmer and Trommsdorff , 1995] .
Porosity
Because of the low confining pressures occurring in smaller icy ocean worlds, porosity becomes important at much greater depths than on Earth. Tidal forcing and thermal fracturing may aid in developing a porous interior, as putatively found at Enceladus [Vance et al., 2007] .In general, porosity decreases with increasing lithostatic pressure, which closes pore spaces, cracks and fractures. Vitovtova et al. [2014] , for example, estimated Earth's mantle porosity at a few percent at a depth of 10 km, decreasing to 0.01-0.1% at 35 km. However the trend can be more complex. For example an increase in porosity with depth is recorded for the borehole of the Kola peninsula, the deepest on Earth, at 12 km [Kozlovsky, 1987] .
Direct and indirect measurements suggest the porosity of Earth's oceanic and continental crust is large, especially in the uppermost part [ranging from 5 to 10%, e.g. Carlson, 2014] . For example, high V P /V S at 25-45 km depth suggest a porosity around 2.7-4.0 % [Peacock et al., 2011] , associated with the presence of fluid saturated zones. Alternatively, crack anisotropy may partially explain the high V P /V S [Wang et al., 2012] . Experimental studies find that voids are closed at pressures higher than 0.25 GPa [Kern, 1990] unless fluids fill the voids. Recent laboratory experiments in a porous natural sample of crustal rock [ı.e., Saito et al., 2016] indicate that porosity closure is active up to ∼0.6 GPa. In spite of low remanent porosity, the effect on seismic velocities is a few percent, and thus should be accounted for. The V P /V S ratio, in this case, decreases in the pore spaces not filled by fluids. In crystalline rocks, the intergranular porosity is usually small, but may increase due to waterrock interactions [e.g., Tutolo et al., 2016] .
We model the decrease of porosity with pressure using the empirical formula provided by Vitovtova et al. [2014] : log(φ) = −0.65 − 0.1d + 0.0019d 2 , where φ is the total porosity (assumed to be equal to the effective one) and d the depth in km. We convert depth to pressure using the pressure profile from the preliminary reference earth model [PREM; Dziewonski and Anderson, 1981] . The reduction in density due to porosity is obtained from
where the rock density ρ g is the obtained density from thermodynamic modeling. The pore spaces are assumed to be filled by water (i.e., ρ f = 1023 kg m −3 ).
Concerning the effects of porosity on seismic velocities, few experiments exist on the effects of low porosity crystalline rocks. [e.g., Todd and Simmons, 1972; Christensen, 1989; Darot and Reuschlé, 2000; Yu et al., 2016] . In general, the effect of pore pressure on seismic velocities is inverse to that of the confining pressure; seismic velocities are expected to decrease as pore pressures increase. The expected behavior is complicated by the shape, distribution and connectivity of pores, and the presence of cracks and fractures. We account for the decrease in V P as a function of porosity using the relation suggested by Wyllie et al.
[ 1958] . The decrease in V S should be greater; Christensen [1989] found a decrease of 9%
and 26% for V P and V S , respectively, when increasing pore pressure from atmospheric pressure to 85% in a very porous (3.9%) lherzolite xenolith at 150 MPa of confining pressure.
We scale the decrease in V S to be 2 times larger in percentage than V P . Although approximate, these corrections account for the expected qualitative effects of water-filled porous spaces on seismic velocities.
For models specifying an iron core, the starting density of the rock is adjusted to match the average predicted by the model.
Iron Core
When including an iron core, we assume the γ (face-centered-cubic) or molten FeS mineralogies described by Cammarano et al. [2006] (Table 4 ). The density of the solid core for X F eS < 5% is
The choice of core composition does not affect the results for the properties of the deep ocean, which is the main focus of this paper. 
Anelasticity (Seismic Attenuation)
Frequency dependent seismic attenuation is computed as [Cammarano et al., 2006 ]
in which B a = 0.56 is a normalization factor, ω is the seismic frequency, exponent γ = 
Results
For each ocean world, we display the bulk interior structure, and detailed ocean and ice structure for adiabatic profiles spanning the range of heat flux values consistent with the inferred existence of an ocean.
Ganymede
The structure for Ganymede is nearly identical to those discussed by Vance et al. [2014] , but with the addition of solid state convection in the ice I layer. Figure 4 shows the configuration of density as a function of pressure, and corresponding temperature, sound speed, and electrical conductivity versus inferred depth for oceans with 0 and 10 wt% MgSO 4 .
For the chosen ocean salinity and core composition (Table 5) , the silicate layer depth exceeds 800 km. Buoyant ice III occurs at the base of the ocean for the coldest adiabat. For the warmest adiabat, ice VI is also buoyant and ice V is absent.
Heat flux spans a range from 15 to 25 mW −2 , consistent with model-based constraints on Ganymede's thermal-orbital history [e.g., Bland et al., 2009] . Higher heat fluxes, and ice as thin as ∼10 km are still in accord with the formation of grooved terrains on the surface [Hammond and Barr, 2014] . However these would require tidal heating. At present, such heating is probably negligible [e.g., Bland and McKinnon, 2015] , but residual heat may also lead to unexpectedly thinner ice than considered here. Solid state convection is nearly four times more efficient than conductive cooling for the coldest adiabat.
The convecting ocean shows temperature increasing strongly with depth due to the high compressibility of the fluids at 100 MPa relative to the solids. The addition of MgSO 4 decreases the compressibility and steepens the adiabat. Sound speeds are distinct for the different ice phases, and also for the freshwater and saline oceans. Sound speeds increase with depth everywhere.
The temperature dependence of electrical conductivity distinguishes among the different profiles. The two warmest adiabats extend to sufficiently high pressure that the pressure derivative of electrical conductivity changes from increasing to decreasing. This is in accord -14-Confidential manuscript submitted to JGR Planets with recent predictions investigations of water's interaction with dissolved ions at high pressures [Vance et al., 2015; Schmidt and Manning, 2017] . Figure 5 shows the global structure: P-and S-wave speeds, pressure temperature and density, and anelasticity. The best fit mineral structure is a chondrite with 1wt% hydration; Table 3 ). The presence of a liquid core is well documented for Ganymede [Kivelson et al., 2002] . We specify a 20 wt% FeS core composition. Sound speeds are low in the hydrous upper portion of the rocky interior, increasing with depth due to dehydration. The Na 2 O-bearing pyrolite with 1 wt% hydration provides an average rock density closest to the input value of 3300 kg m −3 . We specify a core composition of pure iron.
Enceladus
Models for Enceladus (Figs. 8) are adjusted through the choice of T b to compare ice thicknesses of 10 and 50 km corresponding to constraints at the south polar plume and in the rest of the global ocean, respectively [McKinnon, 2015; Beuthe, 2016; Thomas et al., 2016] . MgSO 4 is considered, despite strong inferences that the ocean has a high pH and thus is dominated by chlorides [Postberg et al., 2011; Glein et al., 2015] . As with Europa, the different ocean compositions have distinct profiles in temperature, density, electrical conductivity, and sound speed. For models examining a 10-km-thick ice Ih layer potentially present in the south polar region, the depth of the silicate interior varies by up to 10 km with salinity due to the large proportional change in density of the volatile layer.
The small size of Enceladus precludes the existence of a metallic core. All models matching the bulk ice thickness of 50 km require a low rock density (≈ 2700 kg m −3 ). This is met by either a fully hydrous pyrolite (Table 7) or anhydrous and porous chondrite . The heat flux in the rocky interior is set to 0.27 GW. As shown in Fig. 10 , porosity introduces a strong temperature dependence to density and sound speeds, reducing the density by up to more than 150% and sound velocity by up to more than 75%. If the 10 km ice thickness were the global value, the smaller rock density (≈ 2200 kg m −3 ) could be met by adding a combination of Na 2 O, hydration, and porosity. The anelasticity of the rocky layer is high (Q S /ω γ > 10 7 ) in all cases. 
Titan
Titan's ice covering is interpreted to be 55-80 km based on the observed Schumann resonance [Béghin et al., 2012] . We consider thicknesses in this range and approaching as much as 150 km.
We compare the effects of including small amounts of ammonia (3 wt%) or requiring a high salinity of MgSO 4 (10 wt%). The prevalence of reduced volatiles in Titan's atmosphere and seas suggests against the more oxidized sulfate-rich ocean studied by Fortes et al.
[2007]; Grindrod et al. [2008] , but we consider sulfate due to the availability of the equation of state.
We consider models without a metallic core Figure 11 and Table 8 Table 7 . Left: Density versus pressure. Reference densities as for Europa ( The required rock densities are low (≈ 2600 kg m −3 ), most consistent with the saturated chondrite composition.
Callisto
We consider ice thicknesses exceeding 100 km. For simplicity we do not modify the parameterization of solid state convection to accommodate a fully stagnant lid [McKinnon, 2006] . We consider oceans with 0 and 10 wt% MgSO 4 . than ∼250 km are required. Ice VI does not occur. Buoyant ice III is present for the coldest oceans containing both pure water and salt. The smaller value of C/M R 2 leads to silicate depths similar to Ganymede's (Table 10 and the likelihood of an iron core, specified as pure (γ) iron. Rock densities are best fit by the anhydrous pyrolite composition. Ice VI is always present, and buoyant ice III is present in the coldest model that includes salts.
Discussion
The computed profiles demonstrate the possible use of geophysical measurements to assess the habitability of ocean worlds. The combination of ocean salinity, bulk density, density structure, and ice I thickness constitute a combined constraint on the properties of the constituent materials, which must be logically consistent. Heat fluxes-which have yet to be measured directly-couple with salinity to determine which crystalline forms of ice are present in what amounts, and whether they will sink or float.
Consideration of the rocky layers of known ocean worlds suggests that a combination of measurements may reduce to a manageably short list or uniquely determine the possible combined properties of hydration state, porosity, and oxide content. For example, the oxide composition and hydration state create density signatures and phase boundaries that may be inferred from gravitational and seismic investigations, respectively. Water's main influence on density and seismic properties is to significantly reduce the solidus temperature. For scenarios that include a hot rocky interior, this may affect the viscoelastic relaxation of rocks, also at seismic frequencies (as later discussed in the anelasticity section) and already at temperatures lower than the solidus.
Tests for Habitability
Depth-dependent density, temperature, electrical conductivity, and sound speed can be used to locate liquid reservoirs and thus confirm water-rock interactions. Inferring ocean composition and pH implies a constraint on the integrated redox fluxes through time. 
Europa
The seawater and MgSO 4 oceans examined for Europa span the difference between oxidized and low-pH or reduced and high-pH, as simulated by Zolotov [2008] . For similar ice thicknesses, the higher-pH chloride ocean has a lower melting temperature, which dictates lower electrical conductivity, density, and sound speed. The first two of these will be constrained by gravity and electromagnetic experiments on the JUICE [Grasset et al., 2013] and Europa [Pappalardo et al., 2016] missions in combination with radar sounding and topographic imaging. A subsequent seismic experiment could address any degeneracies in interpreted ocean density and electrical conductivity by measuring the oceanic sound speed.
Thermal radar mapping will establish the existence and characteristics of solid state convection, providing additional prior constraints for a follow-on seismic investigation. With this background established, it may be possible to determine the extent of aqueous alteration and sedimentation at the seafloor [Vance et al., 2016b ]. . Titan: global interior structure for an ocean with 3 wt% NH 3 (aq). Left: V S (-) and V P (--).
Middle: Pressure (-), temperature (--), and density (· -). Right: Anelasticity.
Enceladus
The silicate interior of Enceladus controls the extent of water rock interaction, including the production of hydrogen identified in south polar plume materials [Waite et al., 2017] .
Thought it has previously suggested that the rocky core of Enceladus must be fully hydrated [Vance et al., 2007 [Vance et al., , 2016a as per the hydrous pyrolite model used here, the low pressures at Enceladus also permit an anhydrous chondrite composition with high porosities consistent with those in Earth's upper mantle. A transition from anhydrous to hydrous would explain the apparent present-day production of hydrogen [Hsu et al., 2015] , and might be consistent with recent activation or even formation of Enceladus [Ćuk et al., 2016] .
Electromagnetic and seismic measurements could evaluate the extent and role of fluids and gases in south polar plume eruptions [Postberg et al., 2011; Hsu et al., 2015; Kite and Rubin, 2016] . By analogy with terrestrial investigations of geysers and volcanoes, a seismic experiment could reveal the flow rates, compositions, and geometry of plumes on Enceladus (Vance et al., under revision; StÃďhler et al., submitted) . The seismic detectability of the strong influence of rock porosity on sound speed and density should be investigated.
Titan
A bulk ocean density of > 1200 kg m −3 is required of the large value of the measured tidal Love number (k 2 > 0.6) is correct Mitri et al. [2014] . The 10 wt% MgSO 4 ocean meets Table 9 . Left: Density versus pressure. Reference densities as for Europa (Fig. 6) . Right: Corresponding depth-dependent temperature (top), sound speed in the fluids and ices (fluid, V S , V P middle left to right), and electrical conductivity (bottom). Circles indicate the transition to the silicate interior. Greater silicate depths and pressures are also shown for the assumption of C/MR 2 =0.32 this requirement. As noted above, a reducing ocean dominated instead by chlorides can obtain similarly large densities. A saline ocean is not required, however, as the uncertainty in the Love number (k 2 = 0.637 ± 0.220) permits densities as low as 1100 kg m −3 , consistent with the pure water or 3 wt% cases studied here. A small core (R < 400 km) coupled to a cold hydrous mantle, permitted by the gravitational constraints, would suggest an early hot
Titan that lost most of its internal heat. A low heat flux in the deep interior is hard to reconcile with the inference that the ice is thinner than 100 km, unless the ice or ocean are tidally heated. If Titan's ice is indeed thin and if the ocean has a low salinity, high-pressure ices may be minimal or absent entirely.
Ganymede
High-pressure ice phases V and VI, and possibly III, are likely present in Ganymede.
The planned JUICE mission [Grasset et al., 2013] will constrain the global density structure of Ganymede, its ice Ih thickness, and the conductance of its ocean. Using this prior information, a seismic investigation could reveal the radial structures of the ices and search for any liquids within and between those layers, including the abundance of liquids at the waterrock interface.
Callisto
Poor constraints on Callisto's density structure mean that its ocean can be either Europalike, less than 250 km deep and containing scarce or no high-pressure ices, or Titan-like, with seafloor pressures approaching 800 MPa and the presence of ices V and VI. In either case, the fully stagnant surface suggests the ocean is nearly frozen and so is near-eutectic in composition. This should lead to a high electrical conductivity. Buoyant ice III may be present, unless the ocean contains strong freezing suppressants such as ammonia or methanol.
Thermodynamic properties
Examining the influence of composition on the geophysics and habitability of ocean worlds reveals which thermodynamic measurements are most needed.
Fluids: Evaluating the differences between high and low pH oceans in larger satellites [chloride vs sulfate; Zolotov and Kargel, 2009] requires high-pressure thermodynamic data for aqueous NaCl and mixtures with sulfates, including the associated melting point suppres--25-Confidential manuscript submitted to JGR Planets sion of ices. Some of this information is available at pressures relevant to watery exoplanets [Journaux et al., 2013; Mantegazzi et al., 2013] , but crucial measurements in the 0.1-1 GPa range of pressures are lacking.
The scope of the present electrical conductivity analyses is limited. A more rigorous treatment of conductivity should evaluate the limitations of available theory [Marshall, 1987] . Laboratory electrical conductivity measurements could test the extrapolations to high salinity assumed herein.
Solids:
To accurately interpret seismic measurements in terrestrial glaciers and in ocean worlds, sound speed measurements are needed in ices Ih, II, III, V, and VI at temperatures other than -35 o C. This will also enable the development of thermodynamic properties comparable to those available for fluids, and more comprehensive predictions of the melting curves of ices in the presence of salts. Related work, already in progress, is revealing possible importance of trapped ions within ices [Fortes and Choukroun, 2010; Journaux et al., 2013 Journaux et al., , 2017 . The associated geophysical properties of these materials would enable investigations (seismic, gravitational, etc...) that might be pursued by future exploration missions.
Conclusions
Calculations of the radial compositional structure of icy ocean worlds demonstrate the utility of geophysical measurements as test for habitability. We have focused on the relation between ice thickness and ocean composition, building on more limited prior work [Vance et al., 2014] to illustrate the unique 1D structures arising from the combination of meltingpoint suppression and density in single-component oceans containing aqueous MgSO 4 , NaCl (as seawater), and NH 3 . We have established the ability of the PlanetProfile model to accommodate additional ocean compositions as suitable thermodynamic data become available.
Although we have limited the present suite of models to those with thermally conducting rocky interiors too cold to allow melts to form, we have established the ability to evaluate the influence of the rocky interior by considering different mineral and elemental compositions, hydration states, porosity, and heat content.
Future work focusing on specific worlds can make use of new thermodynamic data for fluids and solids to evaluate the couplings between rock and ocean composition, and the presence of various ice phases. Similarly, the properties of the iron core can be varied in con-cert the rock composition to explore the parameter space of heat and metal content in the cores of Europa, Ganymede, and possibly Titan.
Model outputs are suitable as inputs to forward calculations of seismic propagation, gravitational moment of inertia, tidal Love numbers, and induced magnetic fields, and so can be used in the design, planning, and data analysis for geophysical investigations.
A: Model Details

A.1 Mass and Gravitational Moment of Inertia
The bulk mass of the planet M is the sum of nested spherical shells of radius r (thickness dr) with constant density ρ(r):
where the M H 2 O includes the mass of the low-pressure ice upper layer, the ocean, and the high-pressure ice layers. The moment of inertia is:
where x is the distance of the element of mass (dm) from the spin axis. Starting from the surface (R sil = R − dr), the radius of the silicate interface is decreased by dr. The overlying mass (M H 2 O ) and moment of inertia (C H 2 O ) are recomputed with each step. The solution of the interface radius (R sil ) provides the silicate density (ρ sil ) from Eq. A.1. The model uses this value to calculate the moment of inertia from Eq. A.2 for specified values of the temperature (T b ) at the base of the ice I layer and specified values of fluid salinity.
A.2 Silicate Interior
To predict the radii of the silicate/H 2 O interface (R sil ) and iron core (R iron ), the model prescribes the densities of the silicates (ρ sil ) and the iron core (ρ core ). The moment of iner-
If no iron core is present (as stipulated by the model), R sil is a function of ρ sil and C. In all cases, the model finds the range of values allowed by the bounded moment of inertia and chooses those corresponding to the nominal value of C.
Thermal Conduction in Ices
Thermally conductive profiles assume temperature-dependent conductivity of the form k = D/T, with temperature represented as a function of depth z as
and corresponding heat flux at the ice I-water interface (z b and T b ),
Assuming D =632 W m −1 for ice I provides accuracy of better than 10% in the range of temperatures from 100-270 K. Scalings other than T −1 from Andersson and Inaba [2005] are refit to match the middle of the provided range of temperature with a loss of accuracy of less than 5%. In the calculation of solid state convection, k is computed from the fits recommended by Andersson and Inaba [2005] .
Thermal Conduction in Rock
The temperature profile in the rocky interior is computed by the same method as in Cammarano et al. [2006] :
Inputs to PlanetProfile are: ρ r ock , the mean silicate density specified as an input: H, the rate of heat production per unit mass (H = Q/M, determined from input of Q in W m −2 ); and k, the thermal conductivity of the rock. The remaining variables are determined by the model:
T 0 , the temperature at the top of the silicate layer; and a and r b , the radius at the top and bottom of the silicate layer, respectively. The heat flow at the base of the rock layer, q b , is set -28-Confidential manuscript submitted to JGR Planets to zero. Thermal conductivity is the same as that specified by Cammarano et al. [2006] :
A.3 Solid State Convection in Ices
Solid state convection in ice Ih is from the parameterization Deschamps and Sotin is determined at the characteristic temperature of the well-mixed convective interior of the ice:
in which T m is the characteristic melting temperature, specified as temperature at the iceliquid interface, E is the activation energy of the material (Table A. 
with coefficient µ 0 specified in Table A .1.
The lower thermal boundary layer scales with Rayleigh number as Ra δ = 0.28Ra 0.21 .
The boundary layer's thickness is .12) and the corresponding heat flux is
The temperature of the overlying brittle lithosphere is scaled as T lith = T top + 0.3∆T
The thermal boundary layer thickness is e T BL = k ice (T lith − T top ) Q . (A.14)
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